Introduction
============

As one of the most easily processable conductive polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) in combination with poly(styrenesulfonate) (PSS) has focused a lot of scientific interest in the past years.^[@cit1]^ Its electrical conductivity, *σ*, has been increased by chemical treatments inducing the partial removal of the excess of PSS, which acts both as dopant and insulating material.^[@cit2]--[@cit6]^ In addition, a successful route to obtain PEDOT has recently been demonstrated through the polymerization of 3,4-ethylenedioxythiophene (EDOT) using iron([iii]{.smallcaps}) *para*-toluenesulfonate (Fe(OTs)~3~) as oxidative agent and poly(ethylene glycol)-*block*-poly(propylene glycol)-*block*-poly(ethylene glycol) (PEG-PPG-PEG) as surfactant.^[@cit7]^ The low molecular disorder in such PEDOT layers induces a semi-metallic conduction mechanism according to Crispin *et al.* ^[@cit8]^ Taking these reports into account, we considered the possibility to further improve the conductivity of PEDOT materials by using less hindered and poorly coordinating counter anions, which would optimize both the weight fraction and the oxidation level of PEDOT. Accordingly, the present work demonstrates the oxidative chemical polymerization of EDOT using iron([iii]{.smallcaps}) trifluoromethanesulfonate (Fe(OTf)~3~) through a method involving PEG-PPG-PEG. The resulting materials display metallic properties that are additionally strengthened by doping with specific acids. In particular, sulphuric acid enhances *σ* up to 2273 S cm^--1^ (1.8 fold increase), and induces a positive temperature coefficient of resistivity (TCR). Though this study is focused on PEDOT polymerized with OTf anion (PEDOT:OTf) due to the novelty of this material, it is noteworthy that the doping method performed is also efficient on PEDOT polymerized with the OTs anion (PEDOT:OTs).

Results and discussion
======================

Electrical conductivity and morphology
--------------------------------------

The optimization of the polymerization conditions (Fig. S1[†](#fn1){ref-type="fn"}) leads to PEDOT:OTf displaying *σ* = 1218 S cm^--1^, whereas the typical electrical conductivity for a spin-coated layer of PEDOT:PSS (used as reference material for morphological and structural discussions in this work) is 1 S cm^--1^. Atomic force microscopy (AFM) phase contrast images of the surface of PEDOT:OTf and PEDOT:PSS show that PEDOT:OTf has a granular structure with large homogeneous domains, while PEDOT:PSS displays a poorly structured surface, where hard and soft domains are highly entangled ([Fig. 1](#fig1){ref-type="fig"}). The amorphous structure of PEDOT:PSS derives from the excess of PSS, resulting in the embedding of PEDOT:PSS grains in a PSS-rich matrix. However, the less sterically hindered OTf ions enable a dense stacking of PEDOT chains resulting in the observed granular structure. The high electrical conductivity of PEDOT:OTf compared with PEDOT:PSS is ascribed to these structural differences, which result in a higher fraction of conductive PEDOT in PEDOT:OTf. The influence of various acid solutions on the electrical conductivity of PEDOT:OTf has been tested. Hydrochloric acid (HCl) and nitric acid (HNO~3~) induce a downshift of *σ* to 385 and 740 S cm^--1^, whereas *para*-toluenesulfonic (TsOH), trifluoromethanesulfonic (TfOH), and sulphuric (H~2~SO~4~) acids increase *σ* respectively up to 1503, 1613, and 2273 S cm^--1^. The optimum values of *σ* are obtained at pH ∼1, whereas when the pH is set below 0.5, the treatment results in the degradation of the polymer layer.

![AFM phase images of PEDOT:PSS and PEDOT:OTf.](c4sc02463j-f1){#fig1}

Ultraviolet-visible-near infrared spectroscopy
----------------------------------------------

The absorbance spectra of PEDOT:OTf layers in its pristine state, and doped with H~2~SO~4~ and TfOH are compared with the absorbance spectrum of a PEDOT:PSS layer ([Fig. 2](#fig2){ref-type="fig"}). The NC absorption band (∼590 nm) characterizes the π--π\* transition in neutral chains, the RC absorption band (∼750 nm) is distinctive of radical cations and the large DC absorption band (*λ* \> 1250 nm) reveals the presence of dications.^[@cit9]--[@cit12]^ The strong absorbance in RC and DC bands of PEDOT:OTf suggests a higher density of charge carriers compared with PEDOT:PSS, in accordance with phase imaging data. Upon doping with TfOH or H~2~SO~4~, the DC band grows wider and its absorbance increases. This observation, along with the increase of *σ* upon doping, proves the insertion of additional charge carriers in the polymer and an increase of its oxidation level. UV-vis-NIR data showing the influence of other acids are shown in Fig. S2.[†](#fn1){ref-type="fn"}

![UV-vis-NIR spectra of PEDOT:OTf in the pristine state, PEDOT:OTf treated with TfOH and PEDOT:OTf treated with H~2~SO~4~, and PEDOT:PSS.](c4sc02463j-f2){#fig2}

X-ray photoelectron spectroscopy
--------------------------------

Layers of PEDOT:OTf, PEDOT:OTf doped with TfOH and PEDOT:OTf doped with H~2~SO~4~ (called PEDOT:Sulf) are analysed by XPS and the resulting overview spectra are presented in Fig. S3.[†](#fn1){ref-type="fn"} The F(1s) signal (688.5 eV), related to fluorinated species, is a good indicator of the presence of OTf ions inside the layer; the intensity of this signal is slightly increased when PEDOT:OTf is doped with TfOH, supporting the hypothesis that new counter ions are inserted in the polymer. In addition, the overview spectra of PEDOT:Sulf has no traces of the F(1s) signal, suggesting that OTf ions have been eliminated from the layer upon doping. The oxidation level of PEDOT layers depends on the ratio of thiophene units to sulphured counter ions; therefore, it can be discussed from the disambiguation of the S(2p) signal related to sulfur.^[@cit13]^ For PEDOT:OTf, PEDOT:OTf doped with TfOH, and PEDOT:Sulf ([Fig. 3](#fig3){ref-type="fig"}), the S(2p) signal clearly reveals peaks from the thiophene units (163--167 eV), SO~3~ ^--^ and HSO~4~ ^--^ (167--171 eV). The oxidation level calculated from these contributions is 27.8% for pristine PEDOT:OTf (which is consistent with the oxidation state of pristine PEDOT:OTs reported elsewhere^[@cit14]^), and it reaches 35.7% after TfOH doping and 45.5% after H~2~SO~4~ doping, which is the highest PEDOT oxidation level ever reported to our knowledge. The increase in the oxidation level supports an increase in the concentration of charge carriers. In the case of H~2~SO~4~ doping, HSO~4~ ^--^ peaks are the only components of the S(2p) signal in 167--171 eV range. This observation strongly suggests that OTf ions have been replaced by HSO~4~ ^--^ upon doping.

![XPS S(2p) signals of (a) PEDOT:OTf in the pristine state, (b) PEDOT:OTf treated with TfOH, and (c) PEDOT:Sulf. The disambiguation of the signals is indicated under the experimental curves.](c4sc02463j-f3){#fig3}

Time of flight-secondary ion mass spectroscopy
----------------------------------------------

XPS analyses are advantageously combined with ToF-SIMS to probe the homogeneity of the layer at higher thickness ranges. The intensity profiles *versus* the sputter depth reported in [Fig. 4](#fig4){ref-type="fig"} are those of the most representative ionic species detected during the analysis. The reported species are C~6~H~5~O~2~S^--^ (EDOT^--^, a fragment of PEDOT macromolecules), OTf, CF~3~ ^--^ (an OTf fragment), and HSO~4~ ^--^ (either resulting from OTf fragmentation or initially present in the layer). The samples display a homogeneous intensity profile for each ionic species, indicating that the sample composition is uniform with regards to the thickness. Moreover, this confirms that doping reactions take place throughout the polymer layer. All the species signals have a similar intensity when PEDOT:OTf in pristine state was compared with PEDOT:OTf doped with TfOH. In addition, the intensity profiles measured on PEDOT:OTf and PEDOT:Sulf disclose major differences: OTf and CF~3~ ^--^ signals are divided by a factor of 154 and 55, respectively, whereas HSO~4~ ^--^ signal is multiplied by 23. These observations support the previously stated doping mechanisms, consisting in the replacement of OTf ions with HSO~4~ ^--^, and confirm their occurrence in the entire thickness of the layer.

![ToF-SIMS intensity profiles of different ionic species in ∼65 nm thick layers of PEDOT:OTf in pristine state, PEDOT:OTf treated with TfOH and PEDOT:Sulf.](c4sc02463j-f4){#fig4}

Small and wide angle X-ray scattering
-------------------------------------

The SAXS/WAXS intensity profiles of thin PEDOT:PSS, PEDOT:OTf, and PEDOT:Sulf films are presented in [Fig. 5](#fig5){ref-type="fig"}. To facilitate the reader\'s understanding, a schematic representation of the crystalline structure of PEDOT:OTf (inspired from previous works on PEDOT:OTs^[@cit15]^) is provided in the [Fig. 5](#fig5){ref-type="fig"}. PEDOT:PSS intensity profile exhibits two broad humps at *q* ∼ 0.29 Å^--1^ (*d* = 22 Å) and 0.45 Å^--1^ (*d* = 14 Å), and two peaks at *q* = 1.22 Å^--1^ (*d* = 5.2 Å) and *q* = 1.82 Å^--1^ (*d* = 3.4 Å). The weak hump centred at 0.29 Å^--1^ is assigned to the lamellar stacking distance \[*d*(100) = 22 Å\] peak occurring from the alternate ordering of the PEDOT and PSS polymer chains. This distance is in agreement with PEDOT and PSS chains widths (7.5 Å and 15.5 Å, respectively).^[@cit16]^ The narrow peak at *q* = 1.82 Å^--1^ indicates the Bragg reflection from PEDOT oligomers stacking face-to-face along the *b*-axis with a spacing of 3.4 Å, which is in agreement with the π--π stacking distance \[*d*(010)\] of the PEDOT thiophenes.^[@cit15]^ From the Scherrer formula^[@cit17]^ applied to the 010 diffraction peak, we calculate a crystalline domain size of ∼33 Å along the *b*-axis. The other peaks at *q* = 0.46 Å^--1^ and 1.22 Å^--1^ are attributed to the interdigitation packing and π--π stacking distance of PSS.^[@cit15]--[@cit18]^ Moreover, for *q* \< 0.2 Å^--1^, we observed a ∼*q* ^--4^ power law indicating the contribution of the sharply defined interface separating the PEDOT-rich crystalline grains from the PSS-rich amorphous matrix.^[@cit19]^ The intensity profile for PEDOT:OTf and PEDOT:Sulf exhibits several diffraction peaks at *q* = 0.45 Å^--1^ (*d* = 14 Å), 0.89 Å^--1^ (*d* = 7.0 Å), and 1.82 Å^--1^ (*d* = 3.4 Å) corresponding to the (100), (200), and (020) planes of PEDOT.^[@cit15]^ A large shift arises in the lamellar stacking peak position (100) when PEDOT:PSS (*q* ∼ 0.29 Å^--1^) is compared to PEDOT:OTf (*q* ∼ 0.45 Å^--1^). This corresponds respectively to large \[*d*(100) = 22 Å\] and short \[*d*(100) = 14 Å\] stacking distances due to the width differences between PSS macromolecules and OTf ions. The low lamellar stacking distance in PEDOT:OTf results in a stronger interaction between PEDOT chains, which is favourable to an increase of the crystalline order degree. All the distinct diffraction peaks in PEDOT:OTf are consistently larger and sharper than in PEDOT:PSS with increase in the thickness and number of crystalline domains. The crystallite size along the *b*-axis (*L* ~*b*~), derived from the (020) peak is approximately 37 Å in PEDOT:OTf compared to approximately 33 Å in PEDOT:PSS. The crystallite size (*L* ~*a*~) along the *a*-axis, derived from the (100) diffraction peak, is approximately 60 Å in the PEDOT:OTf film. These observations are in accordance with the structural changes observed with AFM phase contrast imaging. At small angles (*q* \< 0.2 Å^--1^), the intensity profile follows a *q* ^--3^ dependence. This power law in the SAXS domain highlights the absence of discontinuity in the material. Several changes can be noticed when comparing the X-ray patterns of PEDOT:OTf and PEDOT:Sulf. Although the intensities of the diffraction peaks remain essentially unchanged, a sharpening is observed in the (100) and (200) peaks. This is consistent with a constant number of crystalline domains before and after H~2~SO~4~ treatment along with an increase of their size along the *a*-axis *L* ~*a*~, which is approximately 77 Å in PEDOT:Sulf (calculated from Scherrer formula). Finally, a small peak is observed at *q* ∼ 1.62 Å^--1^, corresponding to the distance of ∼3.9 Å, which is comparable to the periodicity of monomer units of PEDOT (∼3.85 Å).^[@cit15]^ The effects on the structural order along the *a*-axis may be attributed to the inserted ions, implying less steric hindrance than OTf anions, and thus inducing more crystalline order at longer distances. This capacity of HSO~4~ ^--^ to enable more linear PEDOT structures is supported by the observation of a small peak at *q* ∼ 1.62 Å^--1^, matching the periodicity of the monomer unit. Consistent with this interpretation, the tiny peak was not observed on the intensity profile of the pristine PEDOT:OTf sample.

![a) SAXS/WAXS intensity profile of PEDOT:PSS (green line), PEDOT:OTf in the pristine state (red line), and PEDOT:Sulf (black line). Top inset shows the intensity in the small angles domain. (b) Schematic illustration of the structural model of PEDOT:OTf, in projections along the *b*-axis (upper) and the *c*-axis (lower) directions. This illustration is adapted from a [@cit15] and is provided as a support for the discussion.](c4sc02463j-f5){#fig5}

Charge carriers concentration
-----------------------------

The mobility of the charge carriers in PEDOT:PSS, PEDOT:OTf, and PEDOT:Sulf is evaluated with an organic electrochemical transistor (OECT) as described by Wei *et al.* for PEDOT:PSS.^[@cit20]^ Apparatus description and output curves are available in Fig. S4 and S5.[†](#fn1){ref-type="fn"} The concentration of charge carriers is calculated from the values of the mobility and *σ*, which are measured on thin polymer films. The electronic mobility in PEDOT:PSS, PEDOT:OTf, and PEDOT:Sulf are 1.3, 0.1, and 0.1 cm^2^ V^--1^ s^--1^, respectively. The high mobility in PEDOT:PSS matches the expectations regarding the quality of polymer chains in commercial formulations. The concentrations of charge carriers of PEDOT:PSS, PEDOT:OTf, and PEDOT:Sulf are 1.1 × 10^21^, 5.7 × 10^22^, and 1.6 × 10^23^ cm^--3^, respectively. Thus, the value of *σ* in PEDOT:OTf is linked to the high concentration of charge carriers ascribed to the PEDOT weight fraction. The increase of the concentration of charge carriers in PEDOT:Sulf compared with PEDOT:OTf is consistent with the oxidation levels deduced from the XPS data.

Transport properties
--------------------

The variation of *σ* as a function of temperature, *T*, from 3 to 300 K is plotted in [Fig. 6](#fig6){ref-type="fig"}. This variation provides understanding of the transport mechanisms in PEDOT:PSS, PEDOT:OTf, and PEDOT:Sulf. For the PEDOT:PSS sample, *σ* is ∼1 S cm^--1^ at room temperature, then it collapses several orders of magnitude at low temperatures, resulting in an extrapolated *σ* = 0 S cm^--1^ at *T* = 0 K (which is typical for semiconductors). The reduced activation energy, defined as *W* = (d\[ln(*σ*)\])/(d\[ln(*T*)\])^[@cit21]^ is plotted in the top inset of [Fig. 6](#fig6){ref-type="fig"}. For PEDOT:PSS, the decrease of *W* with *T* and the ratio *σ*(300 K)/*σ*(3 K) \> 21 000 indicate that the sample is far in the insulating regime. The transport mechanism in PEDOT:PSS fits the VRH model,^[@cit22]^ which is consistent with the previous studies,^[@cit16]^ and with the embedded structure deduced from our structural observations. For PEDOT:OTf, *σ* is 1000 S cm^--1^ at room temperature and the ratio *σ*(300 K)/*σ*(3 K) equals 1.7, indicating a highly ordered polymer^[@cit21]^ as previously stated ([Fig. 1](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}). From 3 to 45 K, *W* increases with *T*; this is typical for conducting polymers on the metallic side of the metal--insulator (M--I) transition.^[@cit23]^ *W* has a constant value of 0.19 from 45 to 149 K, and therefore *σ* ∝ *T* ^0.19^, which is characteristic for the critical regime.^[@cit21]^ The exponent of the power is below 1/3, confirming that this sample is on the metallic side of the M--I transition.^[@cit23]^ As a result, the VRH conduction regime does not apply and the transport is governed by a power law, accordingly to the continuity of the material and the density of PEDOT chains stacking. The doping of PEDOT:OTf with H~2~SO~4~ results in an increase of *σ* (about 40% at 300 K for this sample). For *T* \> 5.5 K, *W* has a positive slope with increasing *T*, placing PEDOT:Sulf on the metallic side of the M--I transition. The slope of *W* is steeper than the one of pristine PEDOT:OTf, and the plateau is replaced by a slight slope. Moreover, *σ* reaches a minimum at 5.5 K, and then it slightly increases from 5.5 K to 3 K ([Fig. 6](#fig6){ref-type="fig"} bottom inset). This means that the TCR is positive in this range. The thermopower values of PEDOT:PSS, PEDOT:OTf, and PEDOT:Sulf 19, 17, and 14 μV K^--1^, respectively, confirm the stronger metallic behaviour of PEDOT:OTf and PEDOT:Sulf. These values are lower than those observed by Crispin *et al.* for semi-metallic PEDOT:OTs (55 μV K^--1^)^[@cit8]^ and Pipe *et al.* for EG-dipped PEDOT:PSS (70 μV K^--1^).^[@cit5]^ Because the mobilities and structures of PEDOT:OTf and PEDOT:Sulf are similar, the strengthened metallic behaviour (*i.e.* pushing toward the metallic side of the M--I transition) is mainly attributed to the increased concentration of charge carriers (from 5.7 × 10^22^ to 1.6 × 10^23^ cm^--3^) induced by the insertion of HSO~4~ ^--^. The positive TCR observed for PEDOT:Sulf is the characteristic of a "true" metallic behaviour. It is remarkable that after the discovery of conducting polymers in 1977, very few examples of metallic behaviours (*i.e.* with positive TCR) have been observed in polymer films, such as PF~6~-doped polypyrroles^[@cit24]^ and CSA-doped polyaniline.^[@cit23],[@cit25],[@cit26]^ The origin of such behaviour is still under debate, related discussions are available in previous reports^[@cit27],[@cit28]^ and their references.

![log--log plot of *σ* as a function of temperature from 3 to 300 K. Left *Y* axis: PEDOT:OTf (red squares) and PEDOT:Sulf (black circles); right *Y* axis: PEDOT:PSS (green triangles). Top inset: the corresponding activation energy *W* in a log--log plot. For PEDOT:Sulf, W is negative in the \[3 K; 5.5 K\] range, as expected for metallic behaviour. Bottom inset: magnified image of the electrical conductivity of PEDOT:Sulf in the \[3 K; 20 K\] range.](c4sc02463j-f6){#fig6}

Conclusions
===========

In conclusion, Fe(OTf)~3~ was used as an oxidant for the polymerization of EDOT, resulting in a highly conductive metallic-like PEDOT:OTf polymer that presents an ordered crystalline structure. The treatment of PEDOT:OTf with H~2~SO~4~ increases the conductivity up to 2273 S cm^--1^ and strengthens the metallic behaviour, whereas the crystalline structure remains almost unchanged. The oxidation level of the doped polymer (45.5%) is the highest ever reported for PEDOT, and the dependence of *σ* on temperature reveals a positive TCR, disclosing this polymer as one of the very few organic materials that demonstrate a metallic behaviour.

Experimental
============

Chemicals
---------

PEDOT:PSS Clevios PH1000 was purchased from H.C. Starck. P(VDF-HFP), PEG-PPG-PEG (various Mn), acids, EDOT, and ethylene glycol (EG) were purchased from Aldrich and used without further purification.

Polymer films preparation
-------------------------

Glass substrates (Corning Eagle XG, 2.5 cm × 2.5 cm, 1.1 mm thick) were washed with acetone and ethanol. A solution of 20% wt PEG-PPG-PEG (Mn = 5800 g mol^--1^) and 80% wt ethanol was stirred in an ultrasonic bath for 4 h. Fe(OTf)~3~ (0.25 mol L^--1^) was added and the solution was then stirred for 2 h and cooled to 5 °C. EDOT (0.18 mol L^--1^) was added to the solution. After stirring for 1 min in an ultrasonic bath, the reaction mixture was spin-coated onto the glass substrates and annealed for 10 min at 70 °C. The resulting layers were washed in ethanol and dried. PEDOT:PSS samples, spin-coated from a dilution of PEDOT:PSS Clevios PH1000 in isopropyl alcohol (20% wt), were used as references. Further experimental details are provided in the ESI.[†](#fn1){ref-type="fn"}

Doping treatment
----------------

All the acids were diluted in water to obtain solutions at pH 0.5. The samples were dipped in the acid solution for 1 h and then dried at 160 °C. Experimental conditions are discussed in the ESI.[†](#fn1){ref-type="fn"}

Characterisations
-----------------

Charge carrier measurements were performed as described by Wei *et al.* in an OECT,^[@cit20]^ using a described ionic gel.^[@cit29]^ *σ* was monitored from 3 to 300 K using a He flow cryostat from Oxford Instruments CF 1200 D. The temperature was measured using a RhFe calibrated resistor and *σ* was obtained after temperature stabilization in the mK range using four-probes in line configuration. X-ray pattern measurements samples were fabricated using thin polymer films according to the aforementioned method. The films were dipped in ethanol, aggregated and dried in order to obtain an ∼0.5 mm thick polymer block. X-ray patterns were measured in transmission geometry using a home-made SAXS/WAXS camera utilizing a point source (source size ∼100 μm × 100 μm) Bruker-Nonius (FR591) rotating anode generator with Cu-Kα radiation (*λ* = 1.5418 Å) at 45 kV and 26 mA. The samples were freely suspended in the X-ray beam and a multi-wire gas filled large area detector was placed at a distance of 20 cm to record the patterns. Further details are available in the ESI.[†](#fn1){ref-type="fn"} The thermopower *S* was recorded with a ULVAC ZEM-3 system. The thicknesses of the layers and their morphologies were measured by AFM (Bruker Innova). UV-vis-NIR spectra were recorded on a Varian Cary 5000. XPS were performed on a NOVA-KRATOS instrument with an Al Kα monochromatic source. ToF-SIMS was performed with a 5 keV Ar500+2 sputter gun and a 15 keV Bi^3+^ liquid metal ion gun for the analysis, and the detector was set to the negative ion mode.

[^1]: †Electronic supplementary information (ESI) available: Experimental details for polymer synthesis, SAXS/WAXS, mobility of charge carriers and *σ*(*T*) measurements, supplementary UV-vis-NIR spectra, XPS overview spectra. See DOI: [10.1039/c4sc02463j](10.1039/c4sc02463j) Click here for additional data file.
